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[’laf Ic!tary nlissimls ~)ki(x! ui}iclllc:
dcmallcls on s~mccc:raft systc;rns ard c)~)c!raliorls
irl trolls of Iildim! anct aldormrlmus o[)c!ratic)rl,
At tl)e s;;]rll[! tilnc!, ttic rlc!w “fastc!r, t]c!ttc!l,
cllcxi~mr” c!rlvirc)rlrllc:rlt rt!qllirm Ilwrc!
t(!ctlrlc)l[){li(:;il irlrmvatiorl ttlarl c!w!r I)[!for(! to
c!rmtdc: us to ccmtirluc! to [!x~]lcmc!ttic! platmts wittl
tltc: sal IIc! Sllcxwsscs ttIat WCtlavc! c:rljoyt!ci irl tll(:
~l[lst. “] fliS [):l[)C!r diSCWSS(!S [K?W (!!c!dric [JOWC!r

systc!tn clc!sigrl arlci ccjril~)clrlc!rlt tc!ctirlologi~s
ttmt f)rchfidc! tllc! tmsis for [damtary C!x[]loratiorr irl
tt I(! 1990’s aIId far tmyonci, c!slmially fot srri;ill
f; ~:l~:~~r~if(,WC! (iiscllss Iicw4 cx)rm![]t:; irt ~mdr:r1
rrr:lrr~i(lc!tll(!rlt arl[i dist[it]ulior] tc!ctlr]ology,
follmwxi I)y arl assossnl[!rlt of ttl(! status of
~]tlot(jvoltoic arl(i nuc; lmr f}owcr S(l LIIC(!

tc!(;llrlc)l(]{li(:s, nrlci WC (:orl(;l(lci(! vditll ;1
(iiscussiorl (If a(hmrm!ci tmltory tcwtlrlotc)cgi(,s for
srrmll simcx!cltlfl,

[Jc!twilc:r, ot oi.(’) rccx!rltly dc:sclit)c!(l tll[!
l~roslwds for tI(!w ~jc)wc!r tmtlrmlogy irlsc:rlioti
irlto I)larlr!t:tty ~;ci(!rlcc! r:x[jiot;ltiorl” rllissi(~tl$;.
IIrt]rldll(lrst, (:t :ll.(~J Il:lvr! dr!sr; iil)[!d sotII(! (I{
tllc!s(! t(:r;llriol[)gi(!s itl grc:ll(!r (i{!tail, Wtl(!rl
t}ms[! ~ml)c!rs wc!r[! first [irc!sc!rltc!ci irl 199[), tile
last Clt!r!f) s~mcx! l[l~lrwtlr:s Ily ttlo t_Jrli~(:dStat(!s
Imd Iworl irl 1$)[{9 (Mag[!ll:ir] to V(!rl~ls ;Ir)d
Galik!o to Jllpitor), 1990 (lJiysscs solar [ml;(r,
joir]t will] [ ~]r(]iw), 1992 (tire f:lilc:ci M:(rs
(Xmrw:r), all(i 1994 (NavfIl f k!sc!nrdl
I till(lr:ltcJry/[\;lllistic Missilo [)ofer]sc
or{j~irliztltir]rl’s (:lerllr:lttil~c!, ~)iiIccd irl klrmr orl]it
irl 1994). III 1996, Ilc)wr!vcr, ttlc!tc: Il;is Iwc:rl ;I
r(!vival of irit(!r[)l;lrlc!t;lry la~lti(:tlc!s, wittl ltir! N(!;Ir
[ :iftll Astc!rc)icl l{crlcic!zv(>Lts (f4[ Al{) iri I ct)rtlary,
Mars (+i(iml Survc!yc)r irl Novc!rr)tx!r, tird M:]rs
I’tttllfirdc!r (Iarl(ic!r ard r(wc!r) irl [J(!c(!rlit]rr, :111
Inundw[i irl 1996. Witt\ two w tilt(!(: l;i~lrlc:tl(:s

“Itlc!so irllimls ore! Iwirlg fc+lt irr all arc!;ls of ttl[!
Imwer systclll, frorrl sour[;c: tc] kKId. 1(1fact,
rriissiorl dc!sigtrcrs tiavc! l)c!q~lrl to r[:ly ~Ji)or)

t[!c:tlrlr]lo(~ic[il adv(ifIcc!s irl or(i(!r f(w ~)rogr:ltrl
lri:lrl;~{lc!rstot]c! alk! to rrut c:ost arid sctlc!ciul(!
goals, wiiilc! rr-mirltair}irlg high Ir!v(!ls C)f
~]c!rfc)rrr-lzlrlcc:. Alsc), a< [ktwilc!r{lJ (!rrl~)tmsizc!ci,
tlmtrc!rlct c:ordiriucsto ciidalc tlial s~mmxiif[ I)c!
rC!(ilJC(!d irl siz[! :Irl(i rll;lss, with $;~)rrl[! “rlli~rc).
~;~,~lc:[!~r~lf[”c;(]rl(:f:~]ts Ilavir)(l EiWfd nlass :1~ lch~

a< 10 I((I(”J. At tlic! s;lrlw tirrlr!, ~lc)wc!r
tr:ctrrlologi(!s rtlust rrlret tllr: Iii(]ilc:r [Jow(:r
r(:(l[lir(!r(l(!rlt:; d[!rll:lrldr:d [Iy c:lc!ctric ~)r(lfllllsi(~[l
tllr~lst Sklgc!s.

‘Itlisimper will scrv(: a< ;Ir} Ll[][i:it(! to f{[!fc:r~!rlcc
1, ;iri(i Ic!iml ori ~)ro{gr(!ss toward itlsc:rliorl of
rIC!w t[’ctirlologics irlto cir!c![I sfNIc(! sci{~rlr;(!
rllissiorls. i rrlally, arl u[)(i:]t(!ci I]rogrlosis for tttc
fllt~ltc: is i]rovici(:ri.

f’clwc!r Sc)lllcc’s

l’tmtovoltaic [’ow(!r Sc~llrcws

Most irltcr~ll:lrlct:lry rnissiorls for ttlc’
forc!sc’c!ald~ f~lt~ifc! will Ilc! sol;(r-~~tlc)tc)vc)ltclic
~mvc!re(i. [ Llrlllr!r(imr(!, r(:cx!r}t tc!c:llrlc)logy
(i[!v(!lo[) rrl(!l)ls iIavo r(!sdt[!(i irl Ilir! wi(ic!s~)r[!ari

irltro(iuctior) c)f (-laAs/(-io sohr cx!lls irl Illariar
arrilys ;i< ttlc! ~mw[:r sourcx! for ttlo rilajority of
ci(!c!iI s~):icw a[]i]limtiorls, [ or ex:lrlii]l[!, tile M:\rs
i ‘attlfirr(i(!r c:ruis(! stage!, kind[!r arlti Scjjc)urrlcr
rovc!r ar~! all f]owc:rc![i hy 18.{,% [!ffi~ic!rlt {AM(),
I-sur]) (-kIAsR! solar CCIIS. Sirrlilariy, tllc~ Mars
(ilotml S{]rv(yc)r is ~mwc!rc(i t)y fo~lr ~):~rlc!ls,two-
silicx)rl arlri two(-iaAs, arlci tile! NI Ai i stmc;(!(;rafl



is f)c]wc!tc!cl t)y Grhs. C21As Ilas I)CH)III[! ttlc!

tcdllmlogy of cttc)icc duo to ils tligll (!fficir:rwy ill
ccmi~mrisorl 10 siliccm. Wllilc! costs; rwtlailt
sornc:wlmt tligtmr, ttw rl(!c!ci for ~wwc!r Im

Imotlw ttl[! drivitlg rc!qLlir[!rlwrlt due to
cmwtlainc>cl ~mkagirl(] volurlws ttlat Iinlil tllc!
arf!a of solar cc!lls availatdc: for I)c)wc!r gc!rlc!rat ior].
‘1l~c!Mws 1998 orl)itor and Ianclc!r simcx!cxaft will
alsc] r! Iakc! USC!c)f CMASK;C!. ‘1 IK! Mars Iard[!r
rllissiclr]s will also [)rcwiclc: Itl[! opporlllr)ity to
Cll[lradc!rizc ttlc! ~wrforrlmrlcx! cjf f)tlotovoltai~
cells it) dmty c:nviloilrflcrlts lmving wicfc,
tc!rllpc:raturc! swirlgs (-1 10’ to +50” (;). I Irmlly,
tt Ic!NI Al i solar cx!lls wc!rc! clmrac;tc!riz[!d for tt lc!ir
low irlterlsity-low tc!rrl[]c)rat(lrc! (1 II ‘1) [! ffc!cls,
irm;rmdl as it will swir]g as fdr oLd as 2.2 AIJ otI
its w:Iy to its rwdc!zvcm wi[tl tllc! astc:roicl 433
[ ros irl I I!lwLmty 199{1. 1 tiis is tllc! tlmst distartt
usc c)f solar ar(tlys cwc!r attorll~)tecl it) a SI):ICC:
rllissiul.

Oltm c{c!volc)~]rl-lc?rltsarc! nc)w also twginning to
lI:ivcI arl irrl~md c)fl solal Imwcrc!d rlliss ion
[)larlrlifl(g. ‘1II(! in]rr]irter]t cc)rt]rllf:rci[ ]liz(lti(~rl of
rr]~]lti-tmrlci ga[) :;ol:(r cells will t]c; Ilmrk(:cl l)y ttl(!
:ilrlmst irllrllc!diatc! LIsc! of (+;llrlf)~(;:lAs/(~c! ci(lal
t):irlcl gaI) cwlls in a Ilnmrr rc:ft-adivc c:oncx:rltriltor

arriiy orl ttm NCW Millennium [k!ep .SImc:c! 1
Sl)[,c(,cr:,f,, (’l) ‘1Ilm+c! calls arc! c!x~)[!ct(!ri to
prociucc [mwc!t at c!ffic;ienci[!s irl ttlc: low-20’scX)
(15X cc~rm!ntralicm at AM(I arlci 1 A(l) it] a 2.5kW
arlciy. ‘1I](! advfinta[gc!s c)f ttm c;cjtm!rdrator arrdy
:11(! associat(:cl With ttlc: r(!(iLldiorl ill (:(!11s

rquireci for a (Iivc!rl arlcty m!a, as wc!ll as rll:i[;s
savitlgs for ;]rrays tt~at rllust L)(:dm;igrwci fc)f Iligtl
radatim [!nvironnt(!rltsl ~;irl~~: ~)rlly a r[!lativ(!ly
srll:ill fr~l(;ti~jrl of tllc c!~\K)S(![i SLlrl:lCxl! rmd t~~

sltir!ldc!ci, Alsc), tlw Iligfl u)rwc:fltr;ltor CC!II
c!fficir!tmim will load to rc!dLmecitc)tal surfam arm
c)f ttlc! arr;ly. 1 hr! rims of ttlc!se ar(ays arc
Llnlikc!ty to Cc)r!liwtc! with ~hflar, flc!xit)lc! Idarlk[!t
arldys fcm scmm tirlw, anti ttiLls Cc)rlcx:rdratc)t
syst[!ms stIc)Llld tm ex~mctd to havo m irr-r~mt
~]rirlmrily otl scimic;c s~mcc!craft Imvirig ~]c)w{’r

rqLlirorrmrlts d[!rnanding Iatgc alrc]y strudur[!s
c~fs[!vc! rat kilowatls c)r rnorc!.

furwtic)rl(ilily of scimcw slmcc!crafl, howover, it is
c%!ar ttmt a imclicxd hrrlit to solar array efimic!rlc:ies
rlear 30% will 1)0 rc:ac;twcl irl tllc! rlc!at fut~lr[!.
1 hLIS, fLlturc! scalar pcjwc!r !I!ctlrlology
[)c!rfc)rrnarmo arivarm:s nlay dr!pc!nd orl orray and
systcvll Ic!vel cic:vc!lc)~]rl~c;rlts, 1or c!xanl[)k:,
cmm!pts s~lct] as a c;orrlt)irlc!d radio frc!q Llc!rtcy-
ptmtovcdtaic arr;iy system will tw irrl~wt-tarlt in ttlc;
fllt[llc if si(grlificatlt advancm irl pcrlortndrlce
anchr furdic)rmlity am to I)c! c!xl)c!d[:ci irl tl}(!
period tc:rl years c)r rimrc frorll rlc)w. [{y
cornt)irlirlg or irltc!gratitlg nmro ttmn orl(!
stmmcrafl furlctic~rl, rlmss rdl]ctior]s arlci
irlcrc!asc!cl furldiormlity rlmy km r[!atizc!d.

f Holly, schr ptlcltovoltaic systerl)s of tllc! future;
will also Ix! r(!c]Llirc!ci tc) witltstarici c!xtrc:nlc
orlvirorull(!rlts. [{~(rlkstorl, d. al,([) (ioscritjeci
Sorrlc! of tllo cllall[!rlgitlg (!llvirotlrr )c!rlts tlmt rrlay

Ilc?Ctmc)url!ered I)y ~dmtovc)ltaic systerlls irl ttic!
f[ltur(:. ‘1c!rll{wratutc! (!xtrc!rll(:s (as k)w a< 100K
iri some nlissiorw, os Iligll as 700K in ottlors),
(illSt, anti Iligll ra(iiatic)rl Crivirorlrllc!r!ts arc!

r!xarrl~)l(!s of ttl(! f)rot)l(!rrls ttla( will faco cx!ll arl(i
arfdy clcw[!lqwrs irl tllc! fLituf c!. S(lcc{!ssf(ll
sol~ltiorls to s~]ch rc!cl~lirc!ril(!rlts will t~[! c’rlat)lirlg
for rllissic)rts to ttlc! vicinities of tmtll ttle irlrlcr ttrlci
OL/t(!r~dan[!tS. ltlc!sc! rc!qLlirc!rrlc!rltswill akc~lik[!ly
irlclu(ic! ttlo rwc!ci to wittlstarlci tligtl-G (10’s of
ttmLJsarl(is) illlpacts, wtlik! t)c!irlg tigfdly
[]:icktl{lc:ri irlc!xtr[:rrlc! lysrrl;lll vc~lL]rllos. Insofaras

ra(iiaticm is cc~rlccrrlc!cij varicnts nmlti-cdl
{:orrltlirl:ltic)rls irl(:c)rl)c)rtltirl{l Irlf ’ strew ~)rorllisc!,(’)

[i;l(iic)isoto{)(! Powc!r %Ljrcc!s

f{c!c;crlt ci(ivancx!s tlav[! I(!ci to oI)tmrtL]rlitics to
si(lrlificalltly irlcrcasc! tlie [)c!r(orfllarlc{! of

ra(jlc)isoto~)[! systmls fcw cicc:[j s~mcx: rtlissio[w,
Wtlilc! cwrlsiric!rath Cffotj is I](!irlg (ievotr!ci to
c!xtc!rlciirlg ttlc afqdicat)ility of solar ~dlc)tovoltaic
systc!rrls, Stuciic!s cmltinLlc! tc) slmw ttr~it
raciioisoto[w powc:r scurcms will Cc]rltirluc] to t)c;
rc!quird for fduro ciuq) slmcc! nlissions. I Ierc
tlwrdativein sulsitivityto ttw local c!r-lvirc)r)r[lc!rlt
arlci ciistarlc(! frorll tlw s~lrl arc ttle ~)rirrw factors
f:ivorir]g raciic~isc)tq]c f~(~wer for cmrtai(l rllissiorl
sm!rlarios.



Spc!cifically, the alkali mciat tllc!rrr-raltoc!lcdric

cxmvc!rk!r (AM’I FC), tl)[!rlm~d mtovoltaics ( 1f ‘V),

~~;~sicll~llcYt~ll;]ti;;g~~c’ rcl~~y y~;;~iv%
~)c)ssit)le LISC!ill raciic)isotq)c! systc!rl”rs. All ttlrc!(!

tmtmologies Imvc! ttw pc)tc!rdiat to ~~rociucc!
dc!dricity from a radioistopc! sc)LJrcf2 at
approximrtc!ly 20°/0 cw grc!at(!r. “1tic! goal

contirruc!s to h; tc) c)~~tilrlizo ttm use c)f ttlc
f’LPY)2fud wtlib significantly rmfLlcing the! sizo
ard mass c)f ttw power sc)L]rcc] fc)r fLlturt2 srtmll
~hnc!tary spacc:crafl.

Multi-tutm AM”f[~ c;c!IIs are rlc)w t)c!ing
dc!sifgrmci, fatmicat[!ci anti tmtc!ci.(~) 1 Ilc!sc!

cic!si~gr]s are r)c]w ccmicic!rc!cj nr!ar-fligt)t
Ijrototyoi(;al ard ttlc! o[]tirllizatiorl c)f system
cfc!sigrls irmorf)c]rating the krtmt 0211technc)logy
iscx]ritirlL!itlg. Acceleratc!ci Iifdirnctc!st [)rograrns
Imvc! t.mri initiated anti an AMIF”~ tectlr-rc~logy
fligld cx[wrirnerd is marlifmtd on S1S-[18
sctlcxiuleci for [Jc!cwrrlt)c!rof 1997. Wc~rk c~n_fPV
Il;w Imc!rl ct]aradcrizd t)y cmrtinucci f)rc){grc!ss
if! ttlc! cl[!vc!lo[]rllc>rlt of a rlarr{)w I)arl(i-l)ass
fllk!r.(’{”) More c!x~]c!rirllc!rital d:lta orl tll[!se filtc!rs
arc! (low avail atdc!fc]r irlp~lt intc) systerlls stllcii~s,
provldiltg gtrmt~!r corlfidc!ttcc! irl tlw J)rojc!cl(![i
J)[!rforrnarm! c)f ‘11’V radioisc)tqw systc:rtls.
lhc!sc! ~)rojmtiorls slIow ttlat c:ffici[:rwic:s rlear
20’% irl a raciic)isotopo power Sourc[! of
a~)l)roxirnatdy 80W (compared to ttl(! Gcrlc!ral
Purf)osc! t fc!at Sc)Llrcc- f{ Elciic)isc)tc][)e

1 Iwrrnc)[!lc!ctric Germratc) r(”) ((;[’} Is-fl- [c+)
effici[!r]c;y of G7%) ate! [mssitjlc!. (’z) SJtirlirlg
c!rlgirlc!s, still ttlc! rlmm rmrturc! of ttlc! Illr(!c
radioisotqw ccmwrter tc!ctlrlc)logios, also
coi)tirluc> to tm stuciic!d, altmit at a IC)WCIlovc!l,
cor]tinucci clcsign c!nt]arlcerncrds ard Iifr!timr:
dwnc)llstrations t)c!irrg the prirlci~)al focus of
rcmwd atlr211tiorl,[’3)

lrrvicwofrc!cer]t tectmolc){gical pro~grcss ard ttlc!
[)ros~mdivc:r )ec!ciforradic)istc)pe power SC)UICC:S
fc)rfllt(]rc!c~c!c:~) space missions, the: IX!parlfmnt
of Frl(!rgy tlas rf!cer)tly arlr)ourlcc}ci I)lans fc)r a
progranl to chxigr-r anti cic!v[!lc)p arl advaIIceci
radioisotc)pc! f)owc!r systc:rn in ttw 100W” Class. (’4)
ltlc! ~darl irlciudes, following selection of a
Slx!cific convc:rsion tc:chnc)lc)gy} ttlc fat)rtcatic)rl
of an c!k!ctfimlly Ileatc:d ertgirleerirlg rrmc~c’1of

ttle~lcivElnccci rzlciioisot()~je J)c)wer sc)llrcc!t]y .Iuty
of 1999.

t i~gurc! 2 depicls the c)l)jc!ctives arlci futur-[:

pros~)ects for ttl[:rlrlfil-tc)-olc!ctri~ c~rlv(:rl~r
~)c:rfr]rrll~lrlc:c:. Note tlmt for pc)wcr sc)Llrcc!s ttlat
cqmrato nc!ar ttwir ~)c!ak pc)wer J)oirlt, the!
rdatiorwl)i~) givr!rl I)y Curmn ard At]lt)c)rl)(’:’)
pmficts a rr-raxirnurrl efficic!ncy of 38% for
cc)nv(!rlc!rs opc!rating t)rdwec:n the tornpc!rature
hr”rlk ShC)Wrl (fr’cml ttw GI’tfS-f{”l G). ‘ftlus, for
srrl;lll ~)c)wc!rsc)llrcc!s, 100Wor sndk!r, we wc)uld
ncd c!xpcct efficierrcic!s to c!vor sut)starltialiy
(!xcc!c!d 30~\o. Mo$;t s~)acc systems WOUld

opc!rate rmr tll(!ir ~)c!ak ~mwc:r poir~t, arlci wt)ile

the tc!niperature limits may vary, Iin-ritatic)rls on
tle~ltsc)Llrcf:sarlci radiator areas wili protmt)ly riot
allow substantial cic!viatic)n fmm c)pc!rating
tcmfmraturc!s of tllc~Gf’t fS-f{-l G.

‘fhc! cc)nclmiorl, ttl[!rl, is tlmt assumir)g
s~lccx:ssflll develo~)nlc!rlt c)f of Ic! of ttle r:an(iidatc!

tc!c;tlrmlc)~gim (orsorrlo ottmr asyd urlid(!r)tifieri
Cc]rlvc!rtor), WC!will soc)rI km rc!actlirl{l a [)radical
Iilllit on ttlc! c!fflci(!r)cy of tllc!rrrl:l l-tc)-c!l[!ctric
c;orlvcr[c!rs for r<]dioisoto[)c! ~)c)w[;r sourc;[!s.
Ilow(!v[!r, fllturc: (Il:illc;rlgos rc;rrlairl, 1 tic!
c!rlvirorlri lc!rlts ttlat rr~:iy t)c) c)flcc)urltc!r{!d t)y
i)tmtovolhics, d[!scritwcl previously, would ;]1s0
t)e encourltc!rc!cj t)y ttw radioisc)tc)pe ~)c)wor
sourcx!. f ‘Iamtary atrnospt Icrcs, wide!
ternq]c!ralurc: rarlgc!sl tligthG inl[)acts, dust, c!tc.,
ate! a few. Also, tlm rm?d fc)r cwc!rl srlmlic:r pow(!r
t;(]~ircws, from 10’s c)f rrlilliwatls to 10’s of watts

arc! c:livisiorwcl for srmill Iarlcic!rs, f)rot]c!s, arid
rtIicrc)s\):icc!c rc]fl,

Fner{fy Storage

Majc]r ~)rogr[!ss tms c)r;cljrreci irl ttle arc!:] c)f
c!rlc!rgy storag[!. 1996 saw tt]c} first ~)kirwtary
Ia(lnct) c)f tt)e twc)-cx!ll cwrnrr-rc)n [)rossurc; vc:ssc!l
rlick[!l- tlycirogc!rl hattcry C)II ttm Mars Gk)t)al
Surv[!yor. lhiscfcsigrl(’[’) lIas now t)cc!n sc!loctc!d
fc)rtllc! Nc!w Millenrliurr) [kcp Space! 1, Mars ’98,
anti [)iscc)vc!ry-Sta rcfust missic)rls. Its ciosigrl tms
t)c!en follnci to t)c! wdl suit(!ci fortilc! small, nmss
constrained spacecraft nc)w in cicvelc)pmc!r)t,
requiring 10-25 At]r capacity M!IIs, and ciesirillg
long cycle Iifc!, “Itl[?y Imve t)c!c)n cjc;err-rc!ci
Calmt)lc) of f~lrlctiorlirlg irl a Iow-mrtll c)rt]it-tyl)~



duly cycle for 20,000 cycles or more. 1 Ilcso
dcwc!loprnents, along with ttle kiLlnctl of ttw 22-
Cell sil@o prc!ssLlre vc!ssel batlc!ry c)n
H[!mentine in 1994, made nicked-tlycirogen ttle
rechargcmhle battery of choice for recent rnissic)rl
planners IIlat provided mass savirlgs an(i

c!rmt)leci missicm functiormlity c)therwisos
UMIVfikd)k! frOt[”rCOrO/C!rlti OfEdrliCkC1-c;lcirrliLlrll,

Wtlile, rlickol-t~ydrogcm technc)lc)gy has tmcornc
ticcc@c!ci for deep space rnissiorrs, rectltirgcmtde
liltliLlrll cc!ll tc!ctlrlology Ims t)c!erl acfvarlcing
rapidly. LithiLlm-ion cells have now tmrr scaled
up to 20 Ah, CC!IIIC?VCIspe.ciflc cmrgicw of more
than 100 Wldkg. CyclE! life demons[ratic)rrs for
small cells (--1Ah) have now C}XCCWdCd [JOO(J

cyclcs. LithiL]rn-icm-polyrr~er systems arc! also in
ckwc!loprmnt with the potential for specific
c!nergies of more than 150 Wh/kg. T Ime cells
arc! destined for use on planetary Ianciers anct
protms, ar-rcifor cwhiters as l.E.CYtypc! ciuty cyclc!s
arc! cic!rtic)nstrated. 1 ittliun-ic)n CC!IIScc)LJlci bc:
canciidates for the Mars missions to bc! laLlrlch~;ci
irl 2001.

III aciditior-r to rlc)rrnal, arrlt)ic:r-rt tern~)[!rature
rocluiremc!nts, rechargc!at)lc! bat[c:ries will t)e
exINclc!ci tc) wittlstand exlrcrne tc!mpcmturc!s in
nmy Casc!s. At J[’1 , we are cLlrrc!ntly
dCVC!lCJpinCJlithiLlm-ion cells ttlat will Ctlarg[! arlci
discharge at -20°~ or lowc!r fc~r LISC on tile
sLJr[acx c]f Mars. Missions to Vr!rl[ls or Mercury
may r(!quire rectlar{]eat]lc> tmtleries !Ilat arr!
Of)c!rat)lc! at Vc!Iy higtl terli[mraturcs.
[ urthermore, primary lithiLml cells arc! now beinq
cicwelopod to fL]nctic)r~dc)wrl to -80°C; for use or]
the! New Milk!r\rliLlr”r”r [)eep S[EiCC! 2 Mars

~)c!lwtrators tc) carried on ttlc! MaE+ ’98 rr~issiorl.
1 I]c! I)c:nc!trator tmttories m rcqL]ireci to provicie
1O’s c)f milliwatts of ~mwer fc)r relativc!ly stlor[
fwric)ds c]f time. As ciiscLJssc!ci previc]Llsly, bc)ttl
[)rirrlary ar)ci secor)ciary lander-type hattories will
bc! rec~uireci to withstand Iligll-(; (10’s c)f
thousands) impact Ioacis.

Figure 3 illustrates ttlc! trcricis in battc!ry
devolopmont. As rechargeable littliLlnl
tc?chnology rnatLltc!s and if mcm ttmn 150 Wldkg
car] Im ac;t~icwedby litt]iLlm-ic)n-pc)lynler systems,
wittl Iligtl cyck! Iifc!, then we will he reactling a
Iirtlil stor~!ci erlorgy cionsity from elc!ctrocllcmical

systems for small spacc!crafl applicaticms, since

c)ptions for Iligtl cierlsity c!rmgy storage rrlaterials
are limited. (Fuel cells arc: unlikely tc) be applied
to small spacc!crafl for ttlc! fc)resoeable future,
due to ttm ciisprc)portionalte mass and volume
penalties paici for Ilycirc)gerl and c)xyqc:rl
stowage.) ‘1tm rwxt a[ivances cc)uld thus tm at
the p{lylCEi(i cw Syst(!rn level, where enc:rgy

storage! cic!vices arc! intc!grated ciirectly with
various spacecraft elements. Inncwativc
concepts tlmt lead to the integration of energy
stc)rzige with sc!nsc)r twacis, scalar cells, or “on-
chifj” storage fc)r processors c)r ciata storage
could tlavo wide application in fUtU re

rnicrospacecmft systems.

Power Electronics

Klein, et. al,(”) reccmtly described expectations
fC)r the elc!ctronics required to distribllte,
ccmciition anti control pc)wer orlbc)ard tile
s~mcecrafl. Plans tc) fly acivanccd power
oloctrc)nics tecllrlc)lo{gies orrboarci the Nc!w
Millr!nnillrn [)r!c?p Space! 1 missic)r} tl~lve
procc!ccic!ci. T Ilese [Ilarls arc! baseci c)n tllc!
ccmcopt C)fintc:gratirlg all S[)acc!craft c!lectronics
intc] a 3-D, rnLjlti.chip rrlc)dLllc! stack. Fi(gLlrc! 4
st!ows t}r[; ~)c)wc!r electtc)nics nlc)dLJlcs, tc) be
flc)wn as an c!x~)[!lirrlr!rlt, rmw in cic!si{]rl, 1 Ilcy
corrlprisc! acivanced c!k?mc!nts, irlcluding solid
state switctlirlg, rl”lixt!ci signal ASl~’s, t Iigh
Density Interconnects, and higtl efficiency
sylncllronc)us rc!ctific!r-tmsc! [)~-[)~ cc)nvc!rsion
ttlat are twirl{] cicwc!lo I)c:ciI)y ti [Ic]c!ing-1 ocktlecd
Martin team, Intcgraticm of these c:c)mpc)nerlts
with ttle remaining aviorlics is ttle next step irl
irr]~)lcrrlerltirl~l this apprcmctl, wittl tlic!rmal
rnarlagerrlc!nt bc;irlg cmc! kc!y element.

in aciciitim, tc!ctlnologicat Eicivarrcc!s in ciigital
systems fc)reslla(iow other needs from ttle
pc)wcr electronics Corr-rl-rlurlity. f c)r exarmplc, an
irlCrea$ing LISC!C)f C@lCal Ciattl trarrsrrlission arid
storage will probatdy reciuire the dcwelc)pmerlt of
triple!-mode (digit~il/analog/optical) ASI(YS.

Conclusions

I tic! irlsc!rtic)n c)f nc!w technology into dc!ep
spaco science missions is accc!lerating rapicily
VirtLlally all rnissic)rw have tmc!rl founci tc] be
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utilizing reccmt innovaticms that arc either
proviciing essential mass or volLlnletric margin or
cmahling grealer functionality or performance.
I Iowever, for power sources and energy
storage, wc appear to km converging on
thermodynamic and materials’ Iimils that will
prevc?nt fLlrtlmr major imprcwements beyond
those projected for systems currently in
development. Accordingly, ttle next
breakthroughs will come from innovative system
level developments ttmt combine other
spacwcmfl systems wilh ckrncmts of tho power
system. Examples include the comt)inaticm of
solar power generation with the radio freq Llency
systcm, integrating small radioisotope power
sources with energy storage, or integrating

cmergy stcwage with elcmcmts c)f sensc)rs or data
systems (so-called “on-chip storage”). Finally,
technology challenges remain in developing
systems to withstand the extrenw onvirc)nnlcnts
that will be er”rcoLlntc!red in deep space.
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